During operation, nuclear fuel rods are immersed in the primary water, causing waterside corrosion and consequent hydrogen ingress. In this review, the mechanisms of corrosion and hydrogen pickup and the role of alloy selection in minimizing both phenomena are considered on the basis of two principal characteristics: the pretransition kinetics and the loss of oxide protectiveness at transition. In zirconium alloys, very small changes in composition or microstructure can cause significant corrosion differences so that corrosion performance is strongly alloy dependent. The alloys show different, but reproducible, subparabolic pretransition kinetics and transition thicknesses. A mechanism for oxide growth and breakup based on a detailed study of the oxide structure can explain these results. Through the use of the recently developed coupled current charge compensation model of corrosion kinetics and hydrogen pickup, the subparabolic kinetics and the hydrogen fraction can be rationalized: Hydrogen pickup increases when electron transport decreases, requiring hydrogen ingress to close the reaction. 
INTRODUCTION
The majority of commercial nuclear reactors in the world today are light water reactors: either pressurized water reactors (PWRs) or boiling water reactors (BWRs). The nuclear fuel used in these reactors is in the form of fuel rods, which consist of long tubes (approximately 4 m long, with approximately 1-cm diameter and 0.6-mm wall thickness) made out of zirconium alloys and which contain uranium dioxide pellets. These tubes, termed the nuclear fuel cladding, constitute the first barrier against the release of fission products into the primary circuit. Because of this important function, it is crucial to nuclear safety to ensure cladding integrity during service.
Various degradation processes-including grid-to-rod fretting, debris-induced failures, crudinduced localized corrosion, waterside corrosion, and hydriding-may challenge the integrity of the cladding tube; these processes are summarized in Reference 1. In this review, we focus on the last two processes of waterside corrosion and hydrogen pickup and on the role of alloy selection in minimizing both. During operation, the nuclear fuel rods are immersed in the primary circuit water, which circulates through the core to extract the heat to produce nuclear electricity. Although the high outlet temperatures (to maximize thermal efficiency, the outlet temperatures in PWRs and BWRs are approximately 330
• C and 288
• C, respectively) favor the cladding-water corrosion reaction and the associated hydrogen pickup, careful alloy design can minimize the rates of these phenomena.
The history of the development of zirconium alloys for nuclear power gives some insight into the suite of alloys that we currently have. The zirconium-based alloys used for nuclear fuel cladding were first developed in the US Nuclear Navy program in the 1950s (2, 3) . It was recognized early on that, in contrast to other alloy systems, the corrosion performance of zirconium alloys worsened as the alloy became more pure, with the purest metal exhibiting breakaway corrosion (4) . It was found that almost any alloying addition initially increased corrosion resistance (5) . A further unusual feature of the zirconium alloy system is that a very small proportion of alloying element additions (typically less than 0.5%) is sufficient to effect significant changes in corrosion behavior. The discovery of this sensitivity of zirconium alloy corrosion to small alloying additions caused a systematic search for alloying elements that improved both corrosion resistance and mechanical properties and that were not ruled out by large neutron cross sections.
Two main alloy systems were considered: In the United States, a zirconium-tin-based system gave rise to the Zircaloy family, whereas other countries (such as Canada and Russia) used a zirconium-niobium system. The zirconium-tin system first yielded Zircaloy-1 (Zr-1.5% Sn), which performed reasonably well but which was much improved upon by an accidental contamination of a melt by stainless steel, yielding an approximate composition of Zr-1.5% Sn, 0.14% Fe, 0.10% Cr, 0.06% Ni. This alloy was dubbed Zircaloy-2 (3). After the failure of Zircaloy-3 from metallurgical processing issues, concerns with the high hydrogen pickup fraction exhibited by Zircaloy-2 led to the development of Zircaloy-4, in which a higher Fe content substituted for Ni, which was believed to be the cause of high hydrogen ingress (2) . These alloys were used from the 1950s to the 1990s; Zircaloy-4 was used in PWRs and Zircaloy-2 in BWRs. More recently, modern alloys such as ZIRLO R (6, 7) and M5 TM (8) 1 have replaced Zircaloy-4 as the alloy of choice in PWRs, although Zircaloy-2 is still used in BWRs, albeit with a zirconium inner liner to protect against pellet cladding mechanical interaction-induced stress-corrosion cracking. This type of fuel cladding containing a coextruded inner liner of pure zirconium was termed barrier or duplex cladding (9) . 1 ZIRLO R , Optimized ZIRLO TM , and AXIOM TM are registered trademarks or trademarks of Westinghouse Electric Company LLC in the United States and may be registered in other countries throughout the world. All rights reserved. Unauthorized use is strictly prohibited. M5
TM is a trademark of AREVA NP registered in the United States and in other countries.
Throughout these decades, even in the face of increasingly severe fuel duty (higher temperatures, higher fuel burnup and residence time, more aggressive chemistry, presence of boiling in PWRs), the corrosion performance of zirconium alloys has steadily improved. This improvement was achieved through systematic modifications in alloy composition, fabrication procedures, and thermomechanical treatment. However, fundamental understanding of the specific role of alloying elements in the corrosion process is still lacking.
Over the years, there have been many reviews focusing on zirconium alloy corrosion (10) (11) (12) (13) (14) (15) . In particular, we highlight Cox's (11) 2005 review, in which he posed four questions. (a) What are the mobile species during corrosion? (b) Why does pretransition follow subparabolic kinetics? (c) What processes lead to oxide breakdown? (d ) What role, if any, does hydrogen play in the process? In this review, we expand upon these questions and discuss recent experimental results and efforts to develop fundamental understanding of the role of oxide microstructure and alloying element composition in reducing the corrosion and hydrogen pickup in service. The in-reactor performance of zirconium alloys is first reviewed, followed by a review of the basics of the corrosion reaction and a discussion of oxide microstructure development, hydrogen pickup, and a unified model of corrosion and hydrogen pickup that addresses these issues.
IN-REACTOR PERFORMANCE
Significant effort in the industry has led to the development of improved alloys to meet the demands of higher fuel duty, increased cycle length (from 12 to 24 months), higher coolant temperature for increased efficiency, and more aggressive water chemistries. Due to the higher operating temperature of PWRs compared with that of BWRs, most of the effort has focused on alloys to improve or replace Zircaloy-4. Most efforts in the 1980s focused on optimizing chemistry and thermal processing of Zircaloy-4, but only modest improvements were realized. The most notable change was the reduction in Sn from 1.5% to 1.3% while remaining within the specification range of 1.2% to 1.7%. Table 1 identifies some of the alloys that have been irradiated to high burnups in PWRs, with the goal of identifying alloys with improved performance. Whereas Zircaloy-4 was used in western PWR plants, the Russian alloy E110 was used in VVERs (Russian reactors, similar to PWRs). Unlike the Sn-based Zircaloys, E110 was a binary Zr-1% Nb alloy. A second Russian alloy for VVER application was E635, which contained both Sn and Nb. The first departure from Zircaloy-4 in western plants was the introduction of lead assemblies containing ZIRLO clad fuel in 1987 (6, 16) . The motivations for the development of ZIRLO were the uncertainty in the extent of irradiation-enhanced corrosion and the projected increase in fuel duty.
Because an important limit in the licensing of fuel is burnup, plotting oxide thickness as a function of burnup has been common practice. However, burnup does not take into account the large variation in operating conditions from plant to plant and along the length of a fuel rod. Figure 1 shows typical oxide thicknesses along a PWR fuel rod. The limiting oxide thickness occurs in the upper spans of the fuel assembly, where the coolant temperature is highest. A modified fuel duty index (MFDI) was introduced to take into account the impact of temperature and boiling (17) . The relative improvement in corrosion performance is more clearly seen in Figure 2 , which shows the oxide thicknesses of Zircaloy-4 and ZIRLO rods from multiple plants plotted as a function of MFDI. The data include oxide thickness measurements along the length of a fuel rod, not just the maximum thickness of the rod. The use of MFDI allows for a better comparison of oxide growth on rods from different plants, as it accounts for the thermal component to oxidation. Burnup is not a good metric for oxide thickness when one is comparing corrosion between plants operating at low and high temperatures. Such comparisons became more meaningful as utilities moved to more demanding fuel management schemes as reflected by increases in MFDI. Oxide thickness (μm)
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Figure 1
Axial variation of oxide thickness on zirconium alloy fuel rods. BQ Zr-4 is Zircaloy-4 that was processed with a beta quench near the final tube size, Conventional Zr-4 is Zircaloy-4 with 1.5% Sn, and Improved Zr-4 is Zircaloy-4 with 1.3% Sn. Zero elevation is the lowest point in the fuel assembly, at which the colder cooling water first comes in. Adapted from Reference 16. Oxide thickness (μm)
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Figure 2
Comparison of Zircaloy-4 (blue) and ZIRLO (red ) oxide thicknesses as a function of a modified fuel duty index. Adapted from Reference 17.
Following the introduction of ZIRLO, M5 was introduced as an advanced alloy in the early 1990s. The M5 alloy had a composition similar to that of E110, as it was nominally Zr-1% Nb. This alloy was a fully recrystallized ternary alloy of Zr-Nb-O with controlled levels of Fe and S (8, 18, 19) . Figure 3 compares the oxide thickness of M5 cladding with that of Zircaloy-4. The distinguishing feature of M5 is the lack of enhanced corrosion at burnups beyond 30 GWD/MTU (gigawatt-days per metric ton uranium). Throughout the 1990s and 2000s, ZIRLO and M5 became the dominant alloys for the replacement of Zircaloy-4 in PWRs.
Many factors determine corrosion. Fuel rod corrosion is primarily a function of time at temperature and only weakly a function of burnup, which helps explain the large spread in oxide thickness when plotted as a function of burnup. Factors such as coolant flow, coolant chemistry, fast flux, and cladding hydrogen levels can further enhance the sensitivity of corrosion to temperature variations. As mentioned above, the MFDI, although better than burnup at reducing the data scatter, does not account for all variables that contribute to cladding oxidation.
Alloy development efforts have continued with the introduction of Optimized ZIRLO, which is designed to retain the favorable properties of ZIRLO while improving corrosion resistance. In recognition of the positive corrosion benefit of reduced Sn content (20, 21) , Optimized ZIRLO contains a nominal Sn level of 0.67% compared with the 1% level in ZIRLO. Optimized ZIRLO fuel rods have been irradiated to burnups in excess of 70 GWD/MTU, with oxide thickness approximately 40% lower than in ZIRLO, as shown in Figure 4 (22) . Enhancement of the corrosion of Optimized ZIRLO is delayed, with increases occurring between 40 and 50 GWD/MTU. Compared with ZIRLO, not only does Optimized ZIRLO show lower oxide thickness, but the data are from plants with higher fuel duty. Additional alloy development programs have identified other alloy compositions that have significant improvements in corrosion performance following irradiation to high burnups. J-Alloy rods ( J1 and J2) have achieved rod-averaged burnups of approximately 68 GWD/MTU following three cycles of irradiation (23) . The alloys contain higher Nb levels than do E110 and M5, with one alloy ( J2) containing a ternary addition of Cr. Figure 5 shows peak oxide thickness. Similar to M5, the alloys do not exhibit the more rapid increase in oxide thickness exhibited in the Zircaloy-4 rods at burnups above 30 MWD/MTU. AXIOM alloys have been irradiated to burnups greater than 70 GWD/MTU (20, 21, 24) . The alloys contain between 0.3% and 1% Nb, with three of the five alloys containing low levels of Sn, as shown in Table 1 . Oxide thickness measurements show a significant reduction in corrosion relative to ZIRLO, as shown in Figure 8 (below). The improvement in corrosion performance is significant when plotted as the function of MFDI; a clear separation in performance is seen between AXIOM alloys and ZIRLO. There is no apparent enhancement in corrosion at burnups to 70 GWD/MTU.
Beginning with the introduction of ZIRLO in 1987, significant in-reactor corrosion experience regarding the behavior of new alloys has been achieved. Not only do the advanced alloys exhibit lower oxide thickness compared with that of Zircaloy-4, but the reactor environments are more demanding, with increased coolant temperature and longer cycle lengths. A challenge in the development of new alloys is identifying out-of-pile characterization that provides sufficient confidence to invest resources to put the alloys into a commercial reactor to obtain experience for licensing of the alloy.
One characteristic of the advanced alloys is lower corrosion rates when they are autoclaved in 360
• C water. The correlation of autoclave performance and in-reactor performance was previously noted (16) . This correlation is shown through comparison of autoclave results in Figure 6a and in-reactor oxide measurement in Figure 1 (16) . The additional autoclave results in Figure 6 also show lower corrosion for M5, J-Alloys, and AXIOM alloys relative to Zircaloy-4 or ZIRLO. The results show that the initial transition in corrosion kinetics takes a long time, which is indicative 
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Figure 7
Periodic oxide layers in AXIOM X1 at 70 GWD/MTU.
of thicker periodic oxide layers and reduced posttransition corrosion rates. Such characteristics are also reflected by the lower in-reactor corrosion of the advanced alloys.
Although autoclave tests in 360
• C water can show periodic growth of the oxide, they do not exhibit the enhanced corrosion observed on Zircaloy-4 at burnups above 30 GWD/MTU. Among the several proposed explanations for enhanced in-reactor corrosion are radiation enhancement from neutron flux, changes in microstructure such as dissolution of second-phase precipitates (SPPs), impact from formation of a hydride rim, and water chemistry. Although the explanations allow for correlations with the in-reactor behavior, it is not clear how those postulated causes can change the oxidation mechanism to result in enhanced corrosion with increased burnup.
Corrosion in 360
• C water containing 70-ppm Li shows normal oxidation kinetics for ZIRLO along periodic oxide layers, whereas Zircaloy-4 and Zr-2.5% Nb exhibit accelerated oxidation and no periodicity in the oxide growth (26) . The possible implication of this observation is that the enhanced corrosion in reactor may be a result of a breakdown of the periodic oxide growth. A micrograph of the oxide formed on a high-burnup protective alloy (AXIOM) shows periodicity in the oxide growth with regularly spaced cracks, as shown in Figure 7 . Periodic oxide layers have also been observed on high-burnup M5 (127) . These protective alloys (M5 and X1) show no enhanced oxidation with increasing burnup, as shown in Figures 3 and 8a , respectively. Although testing in 360
• C water appears to be a useful screening test to identify alloys with long pretransition times and low posttransition corrosion rates, good in-reactor performance requires that the periodic oxide growth of the oxide not be interrupted by the in-reactor environment. Understanding the reasons for the breakdown of the periodic growth of the oxide is an area of ongoing research.
THE BASIC CHARACTERISTICS OF ZIRCONIUM CORROSION
The corrosion reaction of zirconium metal in water is written as
1.
The two terms on the right-hand side of Equation 1 are the products of the reaction: the formation of an oxide layer and the generation of hydrogen, some of which gets picked up by the metal. The zirconium oxidation is driven by the high free energy of the zirconium oxide formation reaction [∼965 kJ/mol at 360 • C (27, 28) ]. Because of the zirconium oxidation thermodynamics and the environment to which the material is exposed under operating conditions, electrochemical 
Figure 9
Schematic of the corrosion process in zirconium alloys. Surface reactions 1-5 occur in series, but the rate-limiting steps are the transport of oxidizing species (oxygen, electrons, and hydrogen) in the oxide layers, as indicated by the thick arrows.
potentials are established at the oxide layer (oxide/water and oxide/metal) interfaces, driving the transport of atomic species across the oxide film. The oxidation process of zirconium alloys in the presence of a protective oxide layer can be conceptually divided into several steps, as reviewed in Reference 29. Figure 9 shows a schematic of the process. First, oxygen in the water molecule dissociates and is adsorbed onto the oxide layer surface at an oxygen vacancy site. Because of the defect concentration gradient [the oxide is substoichiometric at the oxide/metal interface (30) ] and the electric potential across the oxide [resulting from ambipolar diffusion (31) and the space charge in the oxide (32, 33) ], the oxygen anions diffuse either through the bulk of the oxide or along the oxide grain boundaries via solid-state diffusion (34, 35) . When the oxygen anion reaches the oxide/metal interface, it reacts with zirconium cations to form new oxide. The formation of this new oxide releases electrons, which then migrate through the oxide by a hopping mechanism to reduce the hydrogen ions at the cathodic site (36) . Whether the location of the cathodic site is at the oxide/water interface, within the oxide, or at the outer surface of the protective layer is unknown. Some hydrogen atoms do not recombine with electrons at the oxide/water interface but are instead absorbed by the oxide layer and make their way into the metal. This phenomenon is termed hydrogen pickup. These atoms diffuse through the oxide layer to the metal, where they are found either in solid solution in the α-Zr matrix or, if the hydrogen concentration is high enough, as hydride precipitates (37) . 
Oxide Stability
As mentioned above, the corrosion of pure-zirconium samples produces an unstable corrosion process, in which the oxide/metal interface constantly breaks down and the oxide layer advances very rapidly and unevenly into the metal. Figure 10a shows a cross-sectional micrograph of an oxide layer formed on sponge zirconium after 69 days of exposure in 360
• C water in an autoclave (38) . The oxide is extensively cracked and nonprotective, and the oxide layer advances unevenly, with likely preferential attack along the metal grain boundaries. In contrast, the oxide formed in an alloy such as Zircaloy-4 is protective and grows stably. Figure 10b shows an oxide layer formed on Zircaloy-4 after a 75-day exposure to 360
• C water in an autoclave. Compared with the case for the sponge zirconium sample, the oxide growth in Zircaloy-4 is much more stable, and the rate is considerably lower, as shown by the smaller oxide layer thickness.
Thus, the zirconium oxide formed on zirconium alloys is mostly protective. After oxide layer formation, direct contact between the metal and the water no longer exists, thereby preventing the corrosion reaction from happening directly. Instead, the oxidizing species have to diffuse through the oxide layer. Observation of the zirconium oxide system at normal operating temperatures has confirmed that zirconium oxide is an n-type semiconductor (39, 40) and that the oxide growth occurs by oxygen anion migration through the oxide film, with the formation of new oxide taking place at the metal/oxide interface (41, 42).
General Observations
A few general characteristics of the waterside corrosion and associated hydrogen pickup of zirconium alloys that exhibit growth of protective oxides should be taken into consideration.
1. The corrosion mechanism involves the formation of a protective layer through which the corrosion species must travel to continue corrosion. The fact that the corrosion rate decreases with increased exposure (and thus with oxide thickness) means that transport of corrosion species through the layer is the rate-limiting step for the overall reaction. 2. A protective oxide such as that shown in Figure 10b is adherent and exhibits a black shiny appearance, whereas a nonprotective oxide is white, nonadherent, and flaky. Interestingly, when the weight gain is measured after a corrosion exposure, the oxide thickness corresponds, within experimental error, to the calculated oxide thickness, assuming that all the weight gain is oxygen and is used to form ZrO 2 . This agreement indicates that the volume expansion attendant upon the transformation of Zr → ZrO 2 (the Pilling-Bedworth ratio is 1.56) occurs almost totally in the oxide growth direction; that is, the consumption of 1 μm of zirconium alloy metal results in the creation of a 1.56-μm-thick oxide. 3. The evidence also shows that, unlike the case for steels, in which both iron and oxygen migrate, only oxygen moves during waterside corrosion of zirconium alloys (41). 4. In a given environment, the corrosion rate is a characteristic of each zirconium alloy, with good reproducibility from sample to sample. The pretransition corrosion rate in the oxidation kinetics is well described by an empirical law of the form
where w is the weight gain [normally in milligrams per (decimeters squared)], t is the exposure time, and A and n are constants. The value of n in particular is characteristic of each alloy (16, 38) . Figure 11 shows the pretransition corrosion kinetics of ZIRLO; the data are well fit by Equation 2.
5. Another feature of oxide growth exhibited by alloys is the oxide transition, in which the corrosion rate suddenly increases, as if it were returning to the start of the corrosion process and reproducing the initial corrosion kinetics. Figure 12 shows transmitted light optical micrographs showing the transition layers of three alloys: Zircaloy-4, ZIRLO, and Zr-2.5% Nb (43) . The transition thickness is constant but different for each alloy. The Zircaloy-4 oxide layer shown in Figure 12b exhibits 17 transition layers of equal thickness. This evidence suggests that the structure of the oxide layer plays a role in determining corrosion kinetics. 6. Each alloy has a different hydrogen pickup fraction during corrosion. For example, the hydrogen pickup fraction of Zircaloy-2 is higher than that of Zircaloy-4. As seen below, the hydrogen pickup fraction also changes during corrosion.
Corrosion Kinetics
Because of the difficulty and expense of handling irradiated materials, most zirconium alloy corrosion studies are performed on specimens that are autoclaved in test environments ranging from high-temperature water or steam to simulated LWR chemistry such as water containing Li, B, and dissolved H for assessment of materials for PWR application. The use of autoclave experiments has significantly increased the diversity of alloys that have been studied. As stated above, very small additions of alloying elements can significantly change the oxidation kinetics of zirconium alloys from immediate breakaway to genuine protective behavior, as shown by the corrosion behaviors depicted schematically in Figure 13 and reported in Reference 38.
As described above, the corrosion kinetics of zirconium alloys in aqueous solutions is usually described as an initial pretransition regime with an approximate parabolic or subparabolic oxidation rate, followed by the oxide transition, defined as the oxide thickness at which the change in corrosion kinetics occurs. This change usually occurs at an oxide thickness of 2 to 3 μm. 
Figure 11
Power-law fit of the pretransition regime of the ZIRLO sheet alloy. The light blue-shaded area on the plot represents the error associated with the power-law fit to enclose all experimental data points and is equal to ± 5% in this case.
Not all zirconium-based alloys follow this oxidation behavior. Whereas protective oxides such as those formed on Zircaloy-4 follow this cyclical behavior, other alloys can show initial protective behavior followed by a rapid acceleration of the weight gain with no recovery: This phenomenon is termed corrosion breakaway. When breakaway occurs, the oxide turns white, which is characteristic of a porous, nonprotective, stoichiometric ZrO 2 , and oxide spallation can occur. Breakaway corrosion can be thought of as an oxide transition in which the newly formed oxide is no longer protective so that the corrosion rate remains high. Some models have been proposed (44) (45) (46) (47) , but a complete understanding of the oxide transition and of the parameters leading to breakaway is still lacking.
Effect of Alloying Elements on Oxidation Kinetics
In the protective regime, the corrosion rate of zirconium alloys decreases as the thickness of the oxide layer increases (48) . It is generally considered that the diffusion of charged species (electrons and oxygen vacancies) under a concentration gradient controls the oxidation mechanism (11, 49, 50) . This assumption leads to the Wagner parabolic scaling law for the oxidation kinetics, shown in Equation 2, with n = 0.5 (51, 52). However, oxidation of zirconium alloys is frequently subparabolic (n < 0.5) (11, 38, (53) (54) (55) . The exponent n has been carefully measured in various zirconium alloys at the beginning of the corrosion by fitting weight gain data as a function of exposure time to a power law (38, 54, 56) . It is usually found that n is closer to parabolic for Nb-containing alloys and is closer to cubic (n = 0.33) or even quadratic (n = 0.25) and lower for Zircaloy-type alloys. This subparabolic behavior is not common in metal oxidation for oxide layers of the micrometer scale (51) . Importantly, even if the subparabolic nature of n may not be directly derivable from a given metal oxidation theory, it nevertheless represents clear phenomenological evidence of a deviation from the Wagner oxidation mechanism (31, 57).
Hydrogen Pickup Fraction
To compare the hydrogen pickup of different alloys, it is necessary to quantify the amount of hydrogen picked up relative to the amount of corrosion. To this end, the hydrogen picked up by the metal during reactor or autoclave exposure is measured and normalized to the total hydrogen generated in the corrosion reaction (58) . Indeed, only the hydrogen generated by the corrosion reaction is susceptible to entering the metal (59). Thus, the total hydrogen pickup fraction f t H is defined as the ratio of the hydrogen absorbed from the beginning of the corrosion test to the total amount of hydrogen generated by the corrosion reaction up to that time. Conversely, the instantaneous hydrogen pickup fraction f i H is defined as the ratio of (a) hydrogen absorbed into the cladding from time t to time t + t to (b) the total amount of hydrogen generated by the corrosion reaction in the interval t:
The hydrogen pickup fraction varies from alloy to alloy. It has been measured as being as high as 80% for Ni-containing alloys to as low as 5-10% for Nb-containing alloys (56, 60 Multiple transitions, oxide remains protective (e.g., Zircaloy-4, ZIRLO)
Figure 13
Schematic representation of the corrosion of zirconium alloys.
For two reasons, it is believed that the hydrogen enters the oxide in the form of protons rather than hydroxide ions. First, if only OH − entered the oxide, f t H would never be greater than 50%, which is in contradiction with experimental observations (56) . Second, anodic polarization decreases (whereas cathodic polarization increases) the rate of hydrogen absorption, suggesting that charged hydrogen species, and not neutral hydrogen, are part of the hydrogen uptake process (62-64).
OXIDE MICROSTRUCTURE AND CORROSION MECHANISM
The detailed study of oxide layer microstructure has yielded considerable insights into the growth mechanism of oxide layers in zirconium alloys when exposed to high-temperature water. In alloys that form a protective oxide layer in such conditions (as is the case with all commercial alloys used in the nuclear power industry), the oxide growth is stable, the oxide is adherent, and no evidence of meaningful dissolution of the outer oxide is seen (as mentioned above, the weight gain corresponds almost exactly to the corrosion layer thickness).
Oxide Growth and Texture Formation
Microstructure examination shows that oxidation starts by the formation of small, equiaxed oxide grains on the metal, as verified by the consistent observation of small oxide grains near the oxide/water interface (65) . These small oxide grains are more or less randomly oriented and exhibit a mix of tetragonal and monoclinic ZrO 2 crystal structures. As the grains grow, they become columnar so as to favor the growth of properly oriented grains to minimize the stress accumulation [as stated below, the oxide/metal interface is oriented at a small angle from the (200) M plane, 2 which exhibits the highest elastic constant]. Out of this initial collection of small grains, only a few are properly oriented for columnar growth, which means that only a small fraction of the grains grow into columnar grains. The transition from equiaxed to columnar growth occurs at a diameter of approximately 30-40 nm, which is also the diameter at which the stable monoclinic phase becomes favored over the tetragonal phase. The columnar grains grow to a length of approximately 200 nm, at which point grains normally have to renucleate to maintain the proper orientation. This anisotropic columnar growth results in a fiber texture, with an actual oxide orientation that various researchers have ascribed to201,401 and601 (66, 67) . Figure 14 shows a transmission electron microscopy (TEM) micrograph of a cross-sectional sample of an oxide layer formed on Zircaloy-4. This micrograph shows the variation in oxide microstructure, with long, columnar oxide grains formed in between transitions and small, equiaxed grains formed at the beginning of the corrosion process and at the oxide transition.
The Oxide Transition
As the oxide grows, stresses accumulate in the oxide layer from the imperfect accommodation of the volume expansion associated with oxidation. Because this process occurs at different rates for different alloys, different transition thicknesses result. In-plane stresses on the order of 1-3 GPa have been measured in growing oxide films at various stages of film growth (67, 68) . In parallel, oxide porosity develops in the layer, as revealed by Cox (69) and Cox & Yamaguchi (70) and more recently by Ni et al. (71, 72) . This porosity takes the form of small tubes near or at the columnar oxide grain boundaries. The pores first start out as equiaxed cavities and grow into tubes as the oxide grows, as has been shown by TEM (73) and by tests performed in deuterated water (74) . The increasing stress eventually causes lateral cracks to form, which causes an interlinkage of the porosity from the oxide/metal to the oxide/water interface, thus providing easy access to the water, which in turn increases the corrosion rate. The sudden nature of the transition is then related to the sudden oxide breakup after the stress reaches a critical value; the interlinkage of pores explains how lateral cracks can cause an overall loss of protectiveness. This is thought to be the mechanism related to the oxide transition (38) . In this scenario, the different transitions between alloys would result from a different rate of stress accumulation as the oxide grew; the idea is that different alloys would cause the volume expansion to be accommodated slightly differently, resulting in different levels of stress accumulation such that the oxide transition occurred at different times. The question of how the different alloys cause a differentiated accommodation of strains that results in different stress accumulations and different transition times has yet to be elucidated, although there have been various measurements of stress in growing oxides (67, 68, (75) (76) (77) . These measurements are fraught with the problem of stress relief during cooldown [although a study has indicated that this problem may not be serious (76) ] or during sample preparation, especially of cross-sectional samples. In addition, stress measurements are often achieved by measuring elastic strain, which can also occur because of other factors such as compositional variations, and the stress is often averaged over the oxide layer, although the stress is likely higher near the oxide/metal interface. Greater understanding is sorely needed in this area.
Once the corrosion rate increases, the protective layer reforms, and the process repeats periodically. As shown in Figure 12 , the rate of repetition is very regular, which is a characteristic of the alloy, and such repetition can occur for many cycles.
Second-Phase Precipitates
The oxidation of SPPs [e.g., Zr(Cr,Fe) 2 in Zircaloy-4, β-Nb and ZrNbFe precipitates in ZIRLO] is delayed relative to that of the Zr matrix so that the precipitates are initially incorporated in metallic form into the oxide layer. This delayed oxidation of alloying elements incorporated into the oxide layer has been verified by TEM (78) (79) (80) , by X-ray absorption near-edge spectroscopy (XANES) (81) (82) (83) , and more recently by μ-XANES (29, 84) . As the oxide advances further, the alloying elements in these precipitates eventually become oxidized; the delay is proportional to the tendency of elements to oxidize as specified by Ellingham's or Pourbaix diagrams. The oxide formed at the site of the former ZrCrFe precipitates is clearly much more fine grained than the bulk oxide and contains a larger percentage of the tetragonal phase. Various researchers have pointed to SPPs as possible cathodic sites for the corrosion reaction; as possible short-circuit paths through the protective oxide, either on their own or due to nearby cracking; as possible places for hydrogen storage; and as possible sources of stress in the oxide layer upon delayed oxidation. The specific role of SPPs in establishing the corrosion rate or in determining oxide breakup has not been clarified. Given the inhomogeneous distribution of these precipitates in the oxide layer, any such model or mechanism will likely be complex.
The Tetragonal-to-Monoclinic Transformation
There has been much discussion in the literature regarding the potential role of the tetragonal oxide phase or the tetragonal-to-monoclinic phase transformation in the generation of stresses in the oxide and in the onset of oxide transition. The tetragonal content is normally quantified using the Garvie-Nicholson formula (85) , I m 111 are the intensities of the respective monoclinic peaks; maximum values of f T ranging from 5% to 50% have been reported using synchrotron X-ray diffraction (55, 67, 86) , with the highest levels near the oxide/metal interface. A high tetragonal content has been associated both with protective behavior and with loss of protectiveness (88) . The protective oxide has often been associated in the literature with the tetragonal phase, and the protective fraction is sometimes termed the tetragonal oxide. Our view is that there is little evidence that the tetragonal phase content plays any significant role in the oxide development; its observation in the protective oxides is a result of correlation rather than causation. The presence of tetragonal oxide may indicate other phenomena (such as stress level or grain size), but no credible mechanism that directly relates tetragonal phase content to specific corrosion behaviors has been proposed.
The Structure of the Oxide/Metal Interface
The ZrO phase diagram predicts an equilibrium between ZrO 2 and Zr at the oxide/metal interface with approximately 28-at% O in solid solution (89) . In reality, such an equilibrium is never established, as the oxide/metal interface constantly moves into the metal during oxidation and thus consumes the metal nearby. However, the metal region near the oxide/metal interface is clearly different from the rest of the metal, with several metastable phases reported, including an amorphous phase (90) , the omega phase (91), ZrO (92), Zr 3 O followed by Zr-30% O (43, 80) , and a sequence of phases by atom probe (93) . Figure 14 shows a TEM micrograph of the oxide structure. The oxide structure shows wellaligned columnar grains, with equiaxed grains both at the interface and at the location of the transition. The sequence of phases formed is shown in Figure 15 , which illustrates a cut through an atom probe needle and the various phases ahead of the moving oxide front. The oxide layers when studied in cross section can be seen as geological strata, in which different structures were formed and deposited at different times; thus, by walking back from the oxide/metal interface and knowing the corrosion kinetics, one can determine when the transition occurred and relate the corrosion kinetics and the occurrence of the transition to oxide features.
Recent studies that combined TEM using EELS and atom probe applied to the same oxide layers at different oxidation stages have indicated that all these phases may form at different times of the corrosion process (94) (95) (96) . Three different phases are seen at the oxide/metal interface during the pretransition period: (a) a small intermediate layer identified as a cubic ZrO phase; (b) blocky grains found at some places along the interface, with diffraction patterns indexed as Zr 3 O; and (c) an oxygen-saturated suboxide layer in the metal. The width of these interfacial regions decreases markedly at transition, likely because the high corrosion rates at transition do not allow them time to form. This interfacial region is much thicker during high-temperature (500
• C) corrosion (97). 
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Summary of Oxide Structure
Although much knowledge has been gained about the structure of these oxide layers, the central question of how alloying elements cause oxide growth stabilization is still unanswered. Possible hypotheses invoke grain boundary chemistry in the alloys that is different from that in pure Zr or different growth rates for different grain orientations (11; B. Cox & A.T. Motta, private communication). The alloying elements are clearly associated with different pretransition oxidation kinetics, as characterized, for example, by the value of n. As is shown below, the pretransition kinetics may be related to the conductivity of the oxide and hydrogen pickup. Moreover, alloys have a very well defined transition thickness. Because the corrosion rate increase upon transition is sudden, a mechanism of loss of protectiveness that occurs fairly rapidly must be invoked. Two main mechanisms have been considered in the literature: (a) stress accumulation leading to oxide breakup and consequent easy access of water to the oxide/metal interface and (b) the development of oxide porosity that percolates (forms a continuous path through the layer) at a critical pore density and allows for access of water to the oxide/metal interface.
In the first case, the different transition thicknesses of different alloys could be explained by the different rates of stress accumulation. In this circumstance, the stress accumulation would be caused by small variations in the strain tensor of the Zr → ZrO 2 transformation, resulting in larger or smaller lateral strains and in corresponding variations in the in-plane stresses, which would in turn lead to earlier or later oxide layer cracking and loss of protectiveness. One difficulty is that, although vertical cracks are necessary for water access, in-plane stresses create horizontal cracks, which are in fact observed.
In the second case, the different transition thickness may be explained by the different rates of porosity accumulation in oxides formed in different alloys. Such porosity may start as equiaxed and may eventually coalesce into long pore tubes. If it interlinked to the interface, a percolation condition would occur, with consequent water access to the oxide/metal interface. Ni and coworkers (71) provided evidence for such a mechanism of porosity growth and interlinkage. Deuterium uptake experiments also show that the rate of porosity formation increases just before the transition (72) . This evidence of pore formation and growth as an explanation of transition, however, does not explain why stress in the oxide decreases at transition.
A combination of the two hypotheses appears to be the most likely explanation. Porosity develops but does not reach a percolation condition, and once lateral cracking occurs as a result of a critical level of stress, the interlinkage of porosity then occurs, which causes easy access of water to the oxide/metal interface, triggering the transition (38).
HYDROGEN PICKUP DURING CORROSION
The hydrogen pickup fraction expresses a relationship between oxidation kinetics and hydrogen pickup. Figure 16 shows the hydrogen pickup fraction (both total and instantaneous, as defined in Equation 3 ) for a ZIRLO sample subjected to corrosion testing at 360
• C for 240 days. Figure 16a shows the corrosion weight gain and hydrogen content, whereas Figure 16b and Figure 16c show the total hydrogen pickup fraction and instantaneous hydrogen pickup fraction, respectively. The pickup fraction is clearly not constant throughout the corrosion process, because if it were, the hydrogen content curve in Figure 16a would have the same shape as the corrosion kinetics curve. This lack of direct relationship between corrosion and hydrogen pickup is also reflected in Figure 16c , which plots the hydrogen pickup fraction versus exposure time. Figure 16c clearly shows that the pickup fraction increases just before the oxide transition and that the overall pickup fraction in the second cycle is higher than in the first cycle (56).
As stated above, some general observations can be made concerning hydrogen pickup in zirconium alloys. These observations concerning hydrogen pickup mechanism are applicable to most of the investigated zirconium alloys.
The effects of precipitate size and volume fraction are not well understood (63, 100), but for a given precipitate volume fraction, an increase in the number of precipitates (and thus a reduction of their sizes) increases f t H , possibly because more cathodic sites are available (56, 101) . There is evidence that f t H depends strongly on the alloying element additions (102, 103) , on the alloy microstructure and microchemistry (60, 100) , and on the corrosion conditions (104) . The addition of alloying elements generally decreases hydrogen pickup, with the exception of Ni, which increases pickup, and Sn, whose effect is not well determined (102, 105). Additionally, f t H increases from the initial pretransition regime through subsequent transitions, at least up to the third transition (50, 56, 106, 107) .
Thus, there is evidence that f H changes during the corrosion process such that different fractions of hydrogen are picked up at different stages of oxide film growth (106) . Recent studies have shown that hydrogen pickup fraction evolution is periodic following the oxidation periodicity, but with a different time dependence (56, 106) .
It is important now to address the specific relationship between hydrogen pickup fraction and oxidation kinetics. Moreover, there is a correlation between f t H and oxidation kinetics for different alloys (56), suggesting a common oxidation and hydrogen pickup mechanism. These results, supported by previous studies (108) (109) (110) , are plotted in Figure 17 . An inverse relationship between the oxidation kinetics and f t H is clearly observed: the lower the n, the higher the f t H and vice versa. Nb-containing alloys also apparently have more parabolic kinetics and lower f t H relative to Zircaloy-type alloys. This correlation between oxidation kinetics and hydrogen pickup suggests a common corrosion mechanism such that any description of the hydrogen pickup should fit into a general corrosion mechanism. It seems indeed natural to consider that proton diffusion is one part of the cathodic reaction (the other one being electron transport) so that the corrosion rate to some extent depends on the resistances of these respective processes. This aspect has often been neglected in the literature; proposed mechanisms based on oxide microstructure evolution (53, 106) , stress accumulation (111), cracks, and pore evolution (50, 112) often focus independently on the oxidation or the hydrogen pickup mechanism.
MODELING CORROSION AND HYDROGEN PICKUP
Coupled Current Charge Compensation Model
Under the assumption that oxygen diffusion is rate limiting, some explanations of zirconium alloys' subparabolic kinetics based on oxygen atom diffusion under a concentration gradient (Fick's law) have been proposed in the literature. The subparabolic kinetics would be explained as arising from differing oxygen anion transport for differing mechanisms, such as the accumulation of stress (111, 112) , the creation of cracks in the oxide (50) , and the change in grain size as the oxide grows (53) . Although it is known that zirconium oxide can grow under anodic polarization (113) and that photo-electrochemical radiation changes the corrosion properties (such as the measured electric potential) in situ (114) , none of the above mechanisms deal with the predominant charge state of the oxygen vacancy (or oxygen anion) or with the resulting electric field across the oxide. This electric field is inherent to the corrosion process and cannot be neglected. Experimental data Power-law fit C4 model
Figure 18
Oxidation kinetics of a Zr-0.4% Nb alloy along with the power-law fit (dashed black line) and the coupled current charge compensation (C4) oxidation model results (red line).
A general oxidation mechanism of zirconium alloys should be based on the existence of an electric field and on the condition that the necessary coupled electron current (cathodic current) be equal in magnitude but opposite in charge to the anionic current so that the net current across the oxide is zero. The oxygen anion flux must be balanced by the electron flux in the opposite direction. Thus, it seems reasonable to consider that to grow micrometer-scale oxides during thermal oxidation, the effect of electron transport and electric field has to be considered (11, 115, 116) . Since Wagner's theory of local chemical potential equilibrium of charged species (51), various metal oxidation theories modeling the electric field have been applied to zirconium alloys. However, such models have not been able to reproduce oxidation kinetic differences between alloys and/or the associated hydrogen pickup (117, 118) . Indeed, most of these models assume that cathodic current does not impact anionic current (and thus oxide growth), even though the two are coupled. In that sense, space charge theory can more readily explain subparabolic kinetics (119) . Very few studies have attempted to apply this theory to zirconium oxidation (120, 121) , even though their results are convincing.
To understand the oxidation and hydrogen pickup observations in zirconium alloys, a space charge oxidation model termed the coupled current charge compensation (C4) model has been developed (122) . The model is based on Fromhold's (119) theory of a zero net current through the oxide (anionic current and cathodic current compensate each other) so that the concentrations of the two diffusing species, oxygen vacancies and electrons, do not necessarily compensate locally, creating space charge in the oxide.
Effect of Space Charge on the Oxidation Kinetics
Assuming that concentrations of defects at the oxide/metal and oxide/water interfaces and the relative migration energies do not significantly depend on the investigated alloys, the C4 model shows that the extent to which the parabolic oxidation is modified is proportional to the amount of space charge in the oxide (119) . If this assertion were applied to the experimental observations (see Figure 17) , ZrNb alloys would accumulate less space charge in their oxides during corrosion than would Zircaloys.
By using physically significant parameters, the parabolic oxidation kinetics of a Zr-0.4% Nb alloy can be reproduced if one assumes that space charges in the oxide are fully compensated so that there is no effect of space charges on the kinetics (122) . Figure 18 shows plots of the experimental data and the associated power-law fit as well as the results of the model using the parameters displayed in Table 2 .
This study concludes that, to account for parabolic kinetics, space charges need to be compensated for by acceptor substitutional aliovalent ions embedded in the oxide (122) . The amount of oxidized Nb as a function of oxide depth was measured by μ-XANES in a Zr-0.4% Nb oxide, and there is enough oxidized Nb in solid solution to fully compensate for the space charges (originally due to local anion and electron concentration differences). In that case, the Nb oxidation state (for NbO and Nb 2 O 3 oxides) is expected to be lower than 4+, which XANES experiments have confirmed (81, 83, 84) . In contrast, the Fe and Cr solubility limit in the oxide is too low to provide charge compensation, which results in subparabolic oxidation kinetics in ZrFeCr alloys (including Zircaloys). The oxidation state and effect of Sn, as well as the effect of precipitates, are more difficult to model because of a general lack of experimental data and are still under investigation.
Relationship Between Oxidation Kinetics and Hydrogen Pickup Fraction
A direct observation of the C4 model is that, as the positive space charge in the oxide increases, the oxide electronic conductivity σ ox e − decreases. Indeed, as a consequence of the dependence of the electric field generated by space charge (from Poisson's equation) on oxide thickness, electron transport is altered as the oxide grows, and the oxidation kinetics deviates from parabolic to subparabolic. In situ electrochemical impedance spectroscopy (EIS) experiments were performed to measure σ From our understanding of the corrosion process, electron transport and proton transport are parallel processes, and the addition of their currents results in the total cathodic current. Because σ ox e − is higher for ZrNb alloys than for Zircaloy-4, for a given corrosion potential and cathodic current, the proton current must be higher for Zircaloy-4 than for ZrNb alloys. Consequently, f t H (Zr4) > f t H (ZrNb), a trend confirmed by experimental observations (56, 109, 124) . Thus, σ ox e − has an inverse relationship with hydrogen pickup absorption; the electric potential across the oxide is the driving force for hydrogen pickup. This observation is more qualitative than quantitative, but it does bring a clear understanding to why hydrogen pickup fraction is lower for ZrNb alloys than for Zircaloy-4. The investigation of the dependence of hydrogen absorption on the applied potential would certainly give a quantitative relationship between these two physical entities. 
Evolution of Hydrogen Pickup Fraction as a Function of Exposure Time
One of the main observations related to hydrogen pickup fraction is that it changes significantly with exposure time, as mentioned above. On the basis of the hypotheses developed from the C4 model, these variations could be explained by a change in the hydrogen pickup driving force as a function of exposure time. In this context, the oxide electronic conductivity has been measured in situ by EIS as a function of exposure time on Zircaloy-4; the technique is extensively detailed in References 123, 125, and 126.
Although it is a material property independent of oxide thickness, the Zircaloy-4 oxide conductivity σ ox e − is not constant as a function of exposure time so that the electron transport is altered as the oxide grows and the hydrogen pickup driving force varies. Preliminary results show that σ ox e − is inversely proportional to f i H , confirming that the electric potential across the oxide is the main driving force for hydrogen pickup. These preliminary results indicate that oxide electronic conductivity has a key role in the hydrogen pickup mechanism. The reasons for σ ox e − variations are under investigation.
Space charges in the oxide should not significantly vary after the oxide thickness reaches 1 μm. The effect of delayed oxidation of metallic precipitates embedded in the oxide or the accumulation of compressive stresses in the oxide would more likely alter electron transport and is under investigation. In any case, electron transport and proton absorption in the oxide are competitive processes that are part of the corrosion cathodic current. Any variations of σ ox e − would be directly counterbalanced by a similar but opposite variation of proton migration through the oxide.
CONCLUSIONS
Waterside corrosion of zirconium alloy nuclear fuel cladding and the associated hydrogen pickup continue to be potential limiting factors for the operation of nuclear fuel to high burnup and more extreme conditions. Extensive research and development have created modern alloys that show considerable improvement in corrosion performance relative to traditional alloys. Mechanistic understanding of the corrosion process continues to be developed, although significant progress has been made in the understanding of the connection between alloy composition and microstructure, oxide structure, and corrosion behavior, as reviewed in this article. Nevertheless, considerable work remains to develop further mechanistic understanding and specifically the role of precipitates in the corrosion process, the exact nature of the stress accumulation process, and the mechanism of corrosion enhancement in reactor. The use of advanced characterization techniques, in situ experiments, and in-pile tests offers the prospect of greater mechanistic understanding of this complex process.
SUMMARY POINTS
1. Corrosion performance depends strongly on the alloy. Zirconium alloys are unique in that very small changes in alloy composition or microstructure can cause significant differences, both in corrosion rate (pretransition kinetics) and in oxide stability (transition or breakaway kinetics). The alloys show different but reproducible pretransition kinetics and transition thicknesses when tested in 360
• water. The behavior of these alloys in autoclave tests generally correlates with their greater or lesser corrosion in reactor and provides guidance in the development of new alloys.
2. The mobile species appear to be oxygen atoms (diffusing by a vacancy mechanism), electrons, and hydrogen atoms. The relative balance between electrons and hydrogen transport determines hydrogen pickup.
3. The pretransition kinetics is related to the hydrogen pickup fraction of each alloy such that the closer the corrosion kinetics is to parabolic, the lower is the hydrogen pickup. The hydrogen pickup fraction varies during corrosion in a reproducible fashion and depends on the alloys. The oxide transition occurs at reproducible thicknesses for a given alloy in a given environment.
4. Oxide breakup-whether recoverable, such as during oxide transition, or unstable, such as during breakaway corrosion-is related to both stress accumulation and the development of porosity in the oxide layer. A mechanism for oxide growth and breakup that explains these results has been proposed on the basis of the results of a combination of various state-of-the-art experiments of the oxide structure.
5. The C4 model of both corrosion kinetics and hydrogen pickup provides a framework to rationalize both the subparabolic kinetics and the hydrogen pickup as a function of oxide conductivity. Hydrogen pickup increases when electron transport becomes more difficult, requiring hydrogen ingress to close the reaction.
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